Background and Purpose-The increased risk of stroke and thromboembolism in atrial fibrillation (AF) may be related to a prothrombotic or hypercoagulable state, with abnormalities of hemostasis and platelet activation. To investigate the role of platelets in AF and the influence of antithrombotic therapy, we developed and then applied a new assay to detect the absolute amount of P-selectin per platelet (pP-selectin) based on cell lysis. Thus, pP-selectin in AF patients was compared with that of healthy controls and also with plasma soluble P-selectin (sP-selectin) and ␤-thromboglobulin as established indices of platelet activation. Methods-We studied 122 patients (mean [SD] age, 71 [9] years; 65 men) with chronic AF of Ͼ6 weeks' duration: 34 were not on antithrombotic therapy, 30 were taking aspirin (75 to 300 mg/d), and 58 were fully anticoagulated with warfarin. pP-selectin was compared with sP-selectin and plasma ␤-thromboglobulin levels (enzyme-linked immunosorbent assay). Results were compared with those of 23 healthy controls (mean [SD] age, 74 [9] years; 7 men) in sinus rhythm. Results-pP-selectin was significantly lower in AF patients on no antithrombotic therapy (Pϭ0.03) than in healthy controls, but sP-selectin and ␤-thromboglobulin levels were not significantly different and did not differ in patients taking aspirin or warfarin. However, pP-selectin was lower in patients with AF on aspirin than in those on warfarin (PϽ0.05). pP-selectin/sP-selectin correlated significantly in healthy controls (rϭ0.47, Pϭ0.03) but inversely (rϭϪ0.43, Pϭ0.03) in AF patients on no antithrombotic therapy. Conclusions-Lower levels of pP-selectin may represent a depletion of pP-selectin after platelet activation in AF. Aspirin further decreases pP-selectin levels compared with warfarin. On the basis of the principle of platelet lysis, we demonstrate that it is possible to determine the amount of P-selectin per platelet, which may be regulated in the megakaryocyte through a cyclooxygenase-dependent pathway.
P latelet lysis and analysis of its contents have been applied to quantifying a number of platelet contents, such as platelet-derived growth factor, vascular endothelial growth factor, and intracellular cations. [1] [2] [3] Lysis of platelets can be achieved by a number of mechanisms, including sonication, repeated freeze-thawing, and the use of the detergent Triton X-100. [2] [3] [4] P-selectin (CD62P) is an ␣-granule membrane protein of mass 140 kDa that is translocated and expressed on the plasma membrane during platelet activation and degranulation. [5] [6] [7] Although P-selectin has been identified on endothelial cells, it is becoming clear that the majority of, if not all, soluble P-selectin in the plasma (sP-selectin) arises from the platelet. 8 -10 Expression of P-selectin on the platelet surface on stimulation is an irreversible phenomenon, 11 with the main function being to mediate adhesion of activated platelets to monocytes and neutrophils. 12, 13 While sP-selectin levels are quantified by enzyme-linked immunosorbent assay (ELISA), platelet membrane P-selectin requires detection and quantification with flow cytometry or whole platelet ELISA. 14, 15 Nevertheless, it has been suggested that sP-selectin levels are a more reliable marker of in vivo platelet activation than membrane P-selectin (defined by flow cytometry). 16, 17 Platelet surface P-selectin and sP-selectin in the plasma have been studied as potential markers of platelet activation in various disease conditions, such as ischemic heart disease, rheumatic mitral stenosis, and atrial fibrillation (AF). 14, 15, 18 A number of cross-sectional studies in AF have provided conflicting reports, with some studies demonstrating increased platelet surface P-selectin 15, 19, 20 and sP-selectin 21 levels in AF, especially in patients with embolic and preembolic status (eg, spontaneous echo contrast and/or left atrial thrombus), and with others failing to do so.
Despite the common use of these 2 approaches, few studies have compared platelet P-selectin (pP-selectin) and sPselectin in the same group(s) of patients and controls. Thus, the roles of whole or total pP-selectin and sP-selectin in both health and disease states are unexplored. Hence, the devel-opment of an assay to measure pP-selectin may potentially be useful in further exploring the concept of platelet function/ dysfunction. In addition, it is unclear whether the amount of P-selectin in each platelet varies in health and disease and whether the amount of P-selectin in each platelet is altered by antithrombotic therapy. In this latter respect, there are reports that platelet ␣-granule secretion in response to ADP is independent of the lipoxygenase-and cyclooxygenasedependent metabolites of arachidonic acid and aspirin and therefore may not decrease ADP-induced P-selectin expression on platelets or sP-selectin. 22 The aim of the present study was to further investigate the role of platelets in AF and the influence of antithrombotic therapy. To achieve this we set out to develop and then apply a new assay to detect the absolute amount of P-selectin per platelet (ie, pP-selectin). The target population of subjects with AF (who are at risk of thrombosis) was compared with healthy controls, and whole pP-selectin was compared with other indices of platelet activity, ie, plasma levels of sPselectin and ␤-thromboglobulin.
Subjects and Methods

Development of Platelet Lysate Assay
Platelet Preparation
We developed an assay to quantify the amount (mass) of P-selectin in a defined number or concentration of whole platelets (ie, pPselectin). A blood sample (approximately 5 mL) was drawn from the antecubital vein into plastic tubes with 3.2% sodium citrate. Platelet-rich plasma (PRP) was obtained by centrifugation within 1 hour of collection, at room temperature at 1000 rpm for 10 minutes; the volume was recorded, and a cell count was performed. The PRP was then centrifuged at 2000 rpm for 20 minutes to obtain a clear citrated supernatant, that is, platelet-free plasma (PFP), which was stored at Ϫ70°C. The platelet pellet was washed twice in PBS and resuspended gently in PBS to give a concentration of 1ϫ10 8 platelets per milliliter (generally 1 to 3 mL).
Optimization of Detergent
The optimum concentration of the detergent Triton X-100 (Sigma/ Aldrich) to lyse the platelets was defined in a series of experiments in which 0.5 mL of platelet suspension was mixed with 0.5 mL of different concentrations of Triton, ranging from 20% to 0.01% vol/vol in saline. The negative control was an aliquot of platelets incubated with saline. Hence, 5ϫ10
7 platelets were present in the lysate vial that had a volume of 1 mL. The suspension was aspirated manually several times, without foaming, to produce a platelet lysate, which was then incubated at 37°C for 20 minutes, followed by centrifugation in a microfuge at 15 000 rpm for 5 minutes. sP-selectin was then determined in the supernatant by ELISA (see below).
Platelet Number Dose-Response Analysis
The relationship between the number of platelets lysed by 0.1% Triton and the concentration of sP-selectin in the lysate supernatant was examined by dose-response analysis. In this experiment, PRP was resuspended to 2ϫ10 8 cells per mL and was two thirds serially diluted, leaving a 0.5-mL aliquot. This aliquot was incubated with 0.5 mL 0.1% Triton for 20 minutes at 37°C, followed by microfugation at 15 000 rpm for 5 minutes as described above. P-selectin was determined in spun supernatant by ELISA.
ELISA for sP-Selectin
Reagents and recombinant human P-selectin (as a standard) were obtained from R&D Systems (UK) Ltd. Levels of sP-selectin were detected in a 1/5 dilution of plasma in PBS; P-selectin was assessed in an undiluted aliquot of the platelet lysate supernatant. The intra-assay coefficient of variation of the ELISA was 2.8% at 60 ng/mL, 3.4% at 30 ng/mL, 3.8% at 6 ng/mL, and 5.0% at 3 ng/mL (nϭ64). The interassay coefficient of variation of the ELISA was 6.7% at 60 ng/mL, 7.8% at 30 ng/mL, 8.5% at 6 ng/mL, and 7.8% at 3 ng/mL (nϭ13). The lower limit of sensitivity of the assay was 0.8 ng/mL.
Subjects
The study group comprised 122 patients with nonrheumatic AF lasting at least 6 weeks before examination, confirmed electrocardiographically on at least 2 occasions, and 23 normal, healthy subjects.
Patients with AF were divided into 3 subgroups: (1) 34 patients with AF on no antithrombotic therapy; (2) 30 patients with AF who were established on aspirin (75 to 325 mg/d; nϭ30); and (3) 58 patients with AF established on dose-adjusted warfarin (international normalized ratio range, 2.0 to 3.0). Patients with AF on no antithrombotic therapy predominantly consisted of patients with persistent AF who were found to have AF routinely by the general practitioner and referred for consideration of antithrombotic therapy and cardioversion.
We excluded patients with hematologic, renal (creatinine Ͼ200 mg/dL), hepatic (liver enzymes Ͼ2 times the upper limit of normal), inflammatory, and neoplastic disorders and those who suffered recent (Ͻ4 weeks) myocardial infarction or stroke because these disorders might influence platelet activation and the level of the markers. Patients who used nonsteroidal anti-inflammatory drugs, corticosteroids, or hormone replacement therapy regularly and those on heparin were also excluded. Furthermore, patients with rheumatic mitral valvular disease, prosthetic cardiac valves, and acute AF precipitated by thyrotoxicosis or any acute infection were excluded. The study was approved by the City Hospital ethics committee, and written, informed consent was obtained form each participant.
The healthy control group consisted of 23 normal subjects (7 men and 16 women; mean [SD] age, 74 [9] years; range, 60 to 92 years) who were recruited from healthy hospital staff, relatives of the patients, or attending the hospital for routine cataract surgery. The subjects were nonsmokers with no clinical evidence of vascular, metabolic, neoplastic, or inflammatory disease by careful history, examination, and routine laboratory tests. These subjects were normotensive and in sinus rhythm.
Plasma Markers
Blood samples were drawn from an antecubital vein with atraumatic venipuncture. Citrated evacuated tubes (Vacutainers) were used for the collection of samples for P-selectin levels, and Vacutainers containing citrate, theophylline, adenosine, and dipyridamole were used for plasma ␤-thromboglobulin levels. pP-selectin was measured as described above. Blood samples for ␤-thromboglobulin were immediately placed on ice, and plasma was separated within 1 hour of collection. Aliquots were stored at Ϫ70°C to allow batch analysis. ␤-Thromboglobulin levels were determined by ELISA (Asserachrom ␤-thromboglobulin, Diagnostica Stago).
Power Calculations and Statistical Analysis
At the outset of this study, there was no existing literature from which to hypothesize a difference in pP-selectin, and therefore a formal power calculation was not possible. Nevertheless, in the cross-sectional aspect (23 cases with AF versus 23 healthy controls), we have power to detect a difference of at least two thirds of an SD in a normally distributed index such as sP-selectin at PϽ0.05 and a 1Ϫ␤ of 0.8. Therefore, because we have far more AF patients, our power is greater. Comparing the 3 AF subgroups, with a minimum of 30 subjects per group, we have power to detect a difference of half of an SD under the same criteria. Therefore, because we have recruited in excess of this number, our power is also greater.
Results are expressed as mean with SD or as median with interquartile range for the normally distributed data and skewed data, respectively. Data between patients and controls were analyzed by t test and 1-way ANOVA or Mann-Whitney U test and Kruskal-Wallis test, with Tukey post hoc analysis as appropriate. Correlations were performed by the Pearson correlation method on logged data. All statistical calculations were performed on a microcomputer with the use of a commercially available statistical package (Minitab release 12, Minitab Inc). A value of PϽ0.05 was considered statistically significant.
Results
Lysate Assay Development Figure 1 shows the mean (full range) of sP-selectin derived from 5ϫ10 7 platelets from 5 healthy subjects. Concentrations of Triton ranging from 0.1% to 5% provided a plateau of P-selectin. At low Triton levels (eg, 0.01%), we presume that there is insufficient detergent to lyse all the platelets, so that the spun supernatant is effectively free of platelet lysate. At high concentrations of Triton (eg, 10% to 20%), we presume that falling levels of sP-selectin are due to destruction/ denaturing of the antibodies in the ELISA (ie, poisoning) by the detergent. Thus, we chose 0.1% as the standard concentration of Triton in all experiments. The dose-response curve (Figure 2) , pooled from experiments with platelets from 4 healthy subjects, indicates that 0.5 to 1.25ϫ10 8 platelets (ie, in the middle of the curve) provides sufficient P-selectin signal to allow accurate estimations. Therefore, PRP was used at a cell (PRP) concentration of 1ϫ10 8 cells per milliliter. With the lower limit of sensitivity of 0.8 ng/mL, the minimum number of platelets that can be reliably detected is 5ϫ10 4 cells per microtiter well, ie, the mass of P-selectin derived from 1ϫ10 6 cells per milliliter of PRP.
Clinical Study
Clinical characteristics, including patient demography and associated medical conditions and risk factors of the study population, are shown in Table 1 . There were no significant differences in age or sex ratio between patients and controls and the various subgroups of AF. The prevalence of the majority of clinical cardiovascular risk factors or diseases did not differ significantly between various subgroups of patients with AF, although patients with AF on warfarin therapy had significantly higher prevalence of ischemic heart disease (PϽ0.01) and history of stroke/transient ischemic attack (Pϭ0.01) compared with AF patients on no antithrombotic therapy. Patients with AF on dose-adjusted warfarin therapy had fairly good control of their international normalized ratio (mean, 2.6; SD 0.7). 
Cross-Sectional Analyses
In the entire cohort, the amount of P-selectin in the lysate of 10 6 platelets was in the order of 10 to 1000 ng. This therefore equates to approximately 10 to 1000 fg or 0.01 to 1 pg per platelet. However, there was considerable variation both within and between groups.
pP-selectin was significantly lower among patients with AF on no antithrombotic therapy than among healthy controls ( Table 2) . AF patients on aspirin had the lowest median pP-selectin levels compared with other AF patients (Table 3) . sP-selectin and ␤-thromboglobulin levels were similar between healthy controls and patients with AF who were not taking antithrombotic therapy (Table 3) . Furthermore, sPselectin and ␤-thromboglobulin levels were similar in various subgroups of patients with AF.
Correlations
There was a significant positive correlation between pPselectin and sP-selectin in healthy controls (Pearson rϭ0.47, Pϭ0.03) but a significant negative correlation (rϭϪ0.43, Pϭ0.03) in AF patients on no antithrombotic therapy (Figures 3 and 4 ). There were no significant correlations between sP-selectin and ␤-thromboglobulin in healthy controls or any of the subgroups of patients with AF.
Discussion
We have developed a method of platelet lysis to quantify the absolute amount of P-selectin in platelets and applied it to a particular condition, ie, AF, finding that abnormalities in the absolute levels of pP-selectin may be present in these patients. To our knowledge, this is the first report to systematically quantify the mass of P-selectin per platelet both in healthy controls and in patients with AF with the use of the principle of cell lysis. Moreover, the influence of antithrombotic therapy on the pP-selectin levels has not been previously studied.
Study of thrombogenesis in AF has predominantly concentrated on various coagulation markers. [23] [24] [25] Of the platelet markers investigated in the present study, ␤-thromboglobulin is released from the platelet ␣-granule and reflects platelet activation. P-selectin is a component of the membrane of the ␣-granules of platelets and is expressed on the surface during their degranulation after platelet activation. sP-selectin in the plasma is thought to arise predominantly from platelets, with a minimal contribution from endothelial cells, suggesting that sP-selectin is likely to reflect platelet activation. 8 -10,17 Studies of plasma platelet markers in AF have yielded inconsistent results: some have found no difference in ␤-thromboglobulin compared with normal subjects, 19 whereas other found increased levels. 26 Similarly, sP-selectin levels were no different in patients with AF compared with normal subjects in some studies 27 but were increased in others. 21 Hence, the role(s) of platelets in AF and their contribution to thromboembolism are unclear. 25 Moreover, the inconsistent benefits of aspirin compared with warfarin in patients with AF at risk of thromboembolic events further support the view that platelet activation may have a lesser role to play than coagulation markers in AF. 25 This view is further supported by the present findings, which show lack of ␤-Thromboglobulin and pP-selectin are expressed as median (interquartile range); sP-selectin is expressed as meanϮSD.
*Kruskal-Wallis test or 1-way ANOVA, as appropriate. Tukey post hoc analysis revealed a significant difference in pP-selectin levels between AF patients on aspirin and AF patients on warfarin, the former being significantly lower (PϽ0.05). significant platelet activation, as expressed by sP-selectin and ␤-thromboglobulin, in patients with AF compared with healthy controls. Furthermore, a study of platelet activation in AF found that levels of sP-selectin in patients with persistent AF were no different from those in healthy controls. 21 In contrast, patients with permanent AF had significantly higher plasma sP-selectin levels. Our study group of AF patients on no antithrombotic therapy comprised patients with relatively newly diagnosed AF referred by general practitioners for consideration of antithrombotic therapy and cardioversion. Thus, this group could perhaps be mainly composed of subjects with persistent AF, which may account for the lack of platelet activation, in agreement with the previous observations. 21 We found that pP-selectin demonstrated a wide range, both in healthy controls and in patients with AF. Furthermore, pP-selectin was significantly lower among AF patients on no antithrombotic therapy than among healthy controls. The results from this study suggest that even though P-selectin is expressed on the surface of platelets in AF, the absolute pP-selectin level is low. Furthermore, whether the absolute amount of P-selectin within a platelet reflects platelet activation is unclear. The finding of lower pP-selectin in AF than in healthy controls could potentially be explained in 2 ways. First, activated platelets in AF result in the fusion of ␣-granules with the platelet surface, followed by degranulation. This results in the expression of P-selectin on the platelet surface and possible release into the plasma. While the amount of P-selectin depleted may be great enough to result in significant decrease in pP-selectin, it may not be high enough to make a significant difference to the larger plasma reserve of sP-selectin. This is further supported by the finding that pP-selectin showed a negative significant correlation with sP-selectin in patients with AF and not in healthy controls. Therefore, after platelet activation, P-selectin may be depleted in the platelets and may increase in the plasma. Second, it is theoretically possible that P-selectin, which is expressed on the surface of the platelet on activation, changes its configuration and is detected by the specific antibody during flow cytometry. Since we used the ELISA that detects sP-selectin to detect pP-selectin, it is feasible that the antibody has detected only granule P-selectin, not recognizing the membrane P-selectin. This concept is also supported by Semenov et al, 4 who demonstrated that the polyclonal antibody they used in their study to detect sP-selectin in a platelet had lower reactivity toward membrane P-selectin. Furthermore, 90% of the P-selectin in the lysate is accounted for by the membrane P-selectin and 10% by the sP-selectin in the platelet granules membrane. 4 Aspirin appears to decrease the amount of pP-selectin in patients with AF in comparison to those on adjusted-dose warfarin. Although previous studies 22 have suggested a cyclooxygenase-independent mechanism for the production of P-selectin, our results demonstrate otherwise. Whether pPselectin is a product of pathways involving cyclooxygenase remains to be seen. Importantly, aspirin has previously been shown to have no significant effect on sP-selectin levels. 28 -30 In conclusion, we have developed a novel assay for the assessment of the amount of P-selectin in a platelet and have applied it to a disease known to have a prothrombotic component (ie, AF). The significance of pP-selectin needs to be studied in greater detail, especially with prospective interventional studies.
